The occurrence of ochratoxin A (OTA), deoxynivalenol (DON), sterigmatocystin (STC), and citrinin (CIT) was evaluated in samples of small-(SS) and large-scale (LS) brewed beer. The analyses were conducted using HPLC-FLD for OTA, GC-MS for DON, and LC-MS/MS for STC and CIT. During 2017, a total of 83 samples of SS and LS brewed beer (42 and 41, respectively) were sampled; for both types of beer, the most sold beers in Italy were collected. CIT was never detected in any sample, whereas OTA, DON, and STC prevalence was 45.8%, 25.3%, and 27.7%, respectively. The mean and maximum values for OTA, DON, and STC were 0.007 and 0.070; 8.6 and 99; 0.001 and 0.018 µg/kg, respectively. No significant difference was observed between the SS and LS beers. The results of this survey showed a low contamination; the levels found should not represent a serious risk for consumers' health.
Introduction
Mycotoxins are naturally occurring secondary metabolites of fungi that can be produced on a wide range of agricultural commodities. Cereals used in beer production, particularly barley, wheat, and sometimes maize, can be contaminated with different mycotoxins. Under favourable ecological conditions, cereal contamination can occur both in field and during storage, and also during malting. Previous studies, investigating the fate of naturally occurring or spiked mycotoxins at various stages of the brewing process, have demonstrated that mycotoxins can be transmitted from contaminated grains into beer [1] [2] [3] [4] . Considering the most known mycotoxins, numerous surveys have reported the occurrence of ochratoxin A (OTA) and deoxynivalenol (DON) in several beer samples, while zearalenone and aflatoxins were rarely detected. Fumonisins were found only when maize was used in the brewing process. In addition to known mycotoxins, for which maximum levels in food are enforced, also, the so-called, currently unregulated, "emerging mycotoxins", can frequently occur in agricultural products. Among these toxins, EFSA (European Food Safety Authority) requested data on the presence of sterigmatocystin (STC) and citrinin (CIT) in food [5, 6] . All these mycotoxins have been associated with human and animal diseases; further, the International Agency for Research on Cancer (IARC) has classified OTA and STC as possible human carcinogens (class 2B). As a result of too limited or inadequate data, CIT and DON were not classifiable with regard to their carcinogenicity to humans (class 3) [7] [8] [9] .
In Italy, the consumption of beer has increased over the past few years (about 31.5 L per person/year in 2016), in particular, of the small-scale brewed beer (called craft beer); an opening of about 500 microbreweries was registered in Italy from 2007 to 2017. In 2016, the Italian Parliament defined as craft beer "the unpasteurized and unfiltered beer produced by micro-breweries, whose production is less than 200,000 hectoliters/year" [10] . Craft beer group is a heterogeneous class of beers, sometimes brewed from unusual ingredients; they were scarcely investigated for the content of both healthy and undesirable components, as mycotoxins. The objective of this study was to evaluate and compare the incidence and contamination level of some mycotoxins, OTA, DON, STC, and CIT, in small-and large-scale brewed beer samples; for both types of beers, the most-sold beers in Italy were collected.
Materials and Methods

Sampling
A total of 83 samples of small-(SS) and large-scale (LS) brewed beer (42 and 41, respectively) were sampled; for both types of beer, the most-sold beers in Italy were collected (data obtained from IRi reports; Information Resources), representing about 75% of the total volume of beers sold in Italy. The percentage of beer samples produced in Italy was 47.6% (n = 20) and 41.5% (n = 17) for SS and LS brewed beers, respectively. The majority of LS brewed beers were regular beer (36); the others were wheat beer (3), red (1), and double malt beer (1) . Among SS brewed beers, 25 were regular, 6 wheat beer, 5 red, 4 double malt, and 2 dark beer. A representative sampling, putting together at least 3 samples, collected in different retail shops or pubs within a three-month period (June-August 2017), was carried out; the samples were mixed and two subsamples (about 100 mL each) were kept at +4 • C. Before the analysis, each sample was gently shaken and degassed by ultrasonication.
Reagents and Standards
The chemicals and solvents used for the extraction and clean-up solutions were ACS grade or equivalent (Carlo Erba, Milan, Italy); deionised water was purified through a Milli-Q treatment system (Millipore, Bedford, MA, USA). For LC-MS/MS analysis, water, methanol, acetonitrile, and formic acid were HPLC grade (Merck, Darmstadt, Germany). Phosphate saline buffer (PBS) was prepared as follows: NaCl 8 g/L, KCl 0.2 g/L, Na 2 HPO 4 1.15 g/L, KH 2 PO 4 0.2 g/L; pH 7.4. OTA and trichothecene standard solutions were prepared as described by Bertuzzi et al. [11] .
The STC analytical standard was obtained from Sigma-Aldrich (Milan, Italy), while the internal standard [ 13 C 18 ]-sterigmatocystin (96.4% 13 C) was purchased from Biopure (Tulln, Austria) as standard solution in acetonitrile (1.2 mL, 25.7 µg/mL, uncertainty 1.02 µg/mL). Stock and working STC standard solutions were prepared and calibrated spectrophotometrically as reported by Bertuzzi et al. [12] .
The CIT standard (5 mg), purchased as powder from Sigma-Aldrich (Milan, Italy), was dissolved in ethanol (25 mL) , and the solution, after dilution, was calibrated spectrophotometrically at 319 nm using the value 4710 L/(mol·cm) for the absorption coefficient (Neely et al., 1972 ) and stored at −20 • C when not in use. 13 C 13 -citrinin internal standard solution (in acetonitrile) was purchased from Romer Labs (10.6 µg/mL; Romer Labs Division Holding GmbH, Getzersdorf, Austria). Working standard solutions, mixed with isotopically-labelled CIT standard solution (10 µg/mL; 90:10 v/v), were prepared by dilution with methanol-water (30:70 v/v) in the range between 0.10 and 5.0 µg/L.
Analysis for Mycotoxin Determination
Analysis for OTA and DON quantification was carried out using HPLC-FLD for OTA and GC-MS for DON, according to a previously published method (Bertuzzi et al. [11] ).
For STC, an aliquot of degassed sample (15 mL) was diluted with 15 mL of PBS, and was then passed through an immunoaffinity column (Easi-extract Sterigmatocystin, R-Biopharm-Rhône, Glasgow, UK). The column was washed with 2 mL water, then STC was eluted using 6 mL acetonitrile in a graduated test tube. After concentration under a gentle flow of nitrogen, the purified extract was brought to 1 mL with acetonitrile-water 40 + 60 v/v; then, 900 µL was mixed with 100 µL of isotopically labelled STC (12 µg/L) in an autosampler vial and injected (20 µL) into an LC-MS/MS system consisting of a LC 1.4 Surveyor pump, a Quantum Discovery Max triple-quadrupole mass spectrometer (Thermo-Fisher Scientific, San Jose, CA, USA), and a PAL 1.3.1 sampling system (CTC Analytics AG, Zwingen, Switzerland). The system was controlled by Xcalibur 1.4 software (Thermo-Fisher Scientific, Waltham, MA, USA). After separation on a Betasil RP-18 column (5 µm particle size, 150 × 2.1 mm, Thermo-Fisher) with a gradient of acetonitrile-water (both acidified with 0.2% formic acid; flow rate 0.2 mL/min) from 40:60 to 75:25 in 3 min, then, isocratic 40:60 for 6 min; the flow rate was 0.2 mL/min. The ionisation was performed using positive atmospheric pressure chemical ionisation ( For CIT, a 15 mL degassed sample was mixed with 15 mL PBS and the solution was passed through an immunoaffinity column (Easi-extract Citrinin, R-Biopharm-Rhône, Glasgow, UK). The column was washed with PBS (2 mL) and CIT was slowly eluted (0.5 mL/min) with methanol (4 mL) into a graduated test tube; the eluate was concentrated under a gentle stream of nitrogen, brought to 1 mL with methanol-water (30:70 v/v) and vortex-mixed for a few seconds. The extract was filtered (Millex HV 0.45 µm, Merck Millipore, Darmstadt, Germany), then 100 µL of internal standard solution ( 13 C-CIT 13 , 10.6 µg/L) was added to 400 µL of purified extract. Analysis was carried out using a HPLC-MS/MS system (see above). CIT was separated on a XBridge BEH RP-18 column (2.5 µm particle size, 100 × 3.0 mm, Waters Corporation, Milford, MA, USA) with a mobile-phase gradient methanol-water (both acidified with 0.2% formic acid) from 45:55 to 75:25 in 3 min, then isocratic for 4 min; gradient to 45:55 in 1 min and re-equilibration for 7 min. The flow rate was 0. 
Performances of the Methods
The matrix effect in LC-MS/MS is due to the presence of compounds that can co-elute, affecting the ionisation of the analyte. This effect was avoided by the use of isotopically labelled [ 13 C 18 ]-STC and [ 13 C 13 ]-CIT as internal standard; therefore, the internal standard calibration was applied, adding the isotope-labelled standard to all sample extracts and calibration standards at a fixed concentration.
The linearity of the instrumental measurement was established through five calibration standards in solvent, at different concentrations for each mycotoxin, covering a wide analytical range.
The limit of detection (LOD) was defined as the level corresponding to a signal-to-noise ratio (S/N) of three in the purified extract for qualifier transition. The limit of quantification (LOQ) was defined in the purified extract as the lowest level for which the repeatability of the analysis was below 10%. The LOD and LOQ were 0.001 and 0.003 µg/L for OTA; 1 and 3 µg/L for DON; 0.001 and 0.003 µg/L for STC; 0.005 and 0.015 µg/L for CIT.
The accuracy of the used methods was evaluated by recovery experiments, performed by spiking a regular, a double malt, and a red beer sample in triplicate at two levels (2× LOQ and 5× LOQ), for each mycotoxin. The samples were also analysed without spiking, as well as a reagent blank. The spiked sample was allowed to stand for two hours at ambient temperature under a fume hood to allow any residual solvent to evaporate. For each mycotoxin, the average recovery ranged between 86.4% and 95.6%, with low standard deviations, indicating a satisfactory accuracy and precision for each method. The results of the analyses were corrected for recovery.
Statistical Analysis
Statistical analysis of mycotoxin contamination data was carried out after common logarithm transformation. This is suggested when the variance of data is higher than the mean. Statistical analysis was run using the package IBM SPSS statistics (ver. 24, 2015 Inc., Chicago, IL, USA). One-way ANOVA was applied to evaluate significant differences between SS and LS beers.
Results and Discussion
Mycotoxin Occurrence in Beer Samples
The results showed low values of contamination for each mycotoxin, both for SS and LS beer; descriptive statistics (incidence, mean, median, and maximum value) of the results are reported in Table 1 ; CIT was never detected. For the samples falling between LOD and LOQ, the value was tentatively calculated by proportion with the lowest calibration standard; for the samples showing a concentration lower than LOD, it was considered a contamination level equal to LOD/2. Considering all samples, OTA prevalence was 45.8% (38 samples), and the average level was 0.007 ± 0.013 µg/L. The maximum value of 0.070 µg/L was found in a regular SS beer; the 95th percentile value was 0.033 µg/L. OTA exceeded 0.020 µg/L in only 7 samples (8.4%, 5 LS and 2 SS beers), while it was below 0.010 µg/L in 78.3% of samples ( Figure 1 ). As regards wheat beer, OTA was detected in 3 of 9 samples with a maximum value of 0.014 µg/L. In spite of the different prevalence in SS and LS beer, no significant difference (p > 0.005) was observed between their contamination levels. These results were slightly lower than those found in previous European surveys: Varga et al. [13] detected OTA in Hungarian beers at levels of 0.030-0.250 µg/L and Medina et al. [14] at levels of 0.007-0.204 µg/L in beers marketed in Spain. In our previous survey on beers produced in different European countries, an average value for OTA of 0.019 µg/L and an incidence of positives samples of 67.9% were found [12] . More recently, Lhotska et al. [15] detected OTA in 90% of Czech beer samples These results were slightly lower than those found in previous European surveys: Varga et al. [13] detected OTA in Hungarian beers at levels of 0.030-0.250 µg/L and Medina et al. [14] at levels of 0.007-0.204 µg/L in beers marketed in Spain. In our previous survey on beers produced in different European countries, an average value for OTA of 0.019 µg/L and an incidence of positives samples of 67.9% were found [12] . More recently, Lhotska et al. [15] detected OTA in 90% of Czech beer samples at levels lower than 0.06 µg/L; in the same survey, CIT was detected in only 4 of 49 samples (maximum value of 0.19 µg/L). For craft beer, in a survey on 1000 beer samples, of which 60% were craft beers [16] , OTA was confirmed and quantified by LC-MS analysis in only 5 SS beers at levels ranging from 0.3 to 0.6 µg/L. The EU Commission Regulation No. 105/2010 [17] did not fix a maximum level in beer, because the presence of OTA is already controlled in malt (if intended as processed cereal product for direct human consumption, the limit is 3 µg/kg).
DON prevalence in total samples was 25.3% (21 samples) and the average level was 8.6 ± 16.3 µg/L. The maximum value of 99 µg/L was detected in a double malt blond SS beer, while the highest level for LS beer was found in a regular beer; the 95th percentile value was 42 µg/L. DON concentration exceeded 20 µg/L in 14.5% of samples, 7 SS and 5 LS beers (Figure 2) . For wheat beer, DON was found in 3 SS beers (maximum value of 71 µg/L). As for OTA, no significant difference was observed between SS and LS beer samples. These results were slightly lower than those found in previous European surveys: Varga et al. [13] detected OTA in Hungarian beers at levels of 0.030-0.250 µg/L and Medina et al. [14] at levels of 0.007-0.204 µg/L in beers marketed in Spain. In our previous survey on beers produced in different European countries, an average value for OTA of 0.019 µg/L and an incidence of positives samples of 67.9% were found [12] . More recently, Lhotska et al. [15] detected OTA in 90% of Czech beer samples at levels lower than 0.06 µg/L; in the same survey, CIT was detected in only 4 of 49 samples (maximum value of 0.19 µg/L). For craft beer, in a survey on 1000 beer samples, of which 60% were craft beers [16] , OTA was confirmed and quantified by LC-MS analysis in only 5 SS beers at levels ranging from 0.3 to 0.6 µg/L. The EU Commission Regulation No. 105/2010 [17] did not fix a maximum level in beer, because the presence of OTA is already controlled in malt (if intended as processed cereal product for direct human consumption, the limit is 3 µg/kg).
DON prevalence in total samples was 25.3% (21 samples) and the average level was 8.6 ± 16.3 µg/L. The maximum value of 99 µg/L was detected in a double malt blond SS beer, while the highest level for LS beer was found in a regular beer; the 95th percentile value was 42 µg/L. DON concentration exceeded 20 µg/L in 14.5% of samples, 7 SS and 5 LS beers (Figure 2 ). For wheat beer, DON was found in 3 SS beers (maximum value of 71 µg/L). As for OTA, no significant difference was observed between SS and LS beer samples. In recent surveys, there seems to be a decreasing trend regarding DON contamination in beer. In a study on 313 European beer samples carried out in 2004 [18] , the incidence was 87%, and the contamination ranged between 4.0 and 56.7 µg/L; in 40 beer samples collected from Belgian retailers, DON contamination level varied from 2 to 22 µg/L [19] . Kostelanska et al. [20] reported the occurrence of DON, DON-3-glucoside and its acetylated forms; the highest level for DON was 35.9 µg/L. In our previous survey [11] , DON incidence was 66.0%, and the maximum value was 18.6 µg/L. Varga et al. [13] analysed a large number of European beers for DON and deoxynivalenol-3-glucoside (DON-3G) content; the incidence was 77 and 93%, and the mean 8.4 and 6.9 µg/L, respectively. In 2016, DON occurrence was detected in 75% of 44 beer samples collected on German retail market at level ranging from 2.2 to 20 µg/L and showed a median of 3.7 µg/L [21] . As regards craft beer, Peters et al. [16] reported a higher average contamination in SS beer (63 µg/L) compared to LS beers (39 µg/L) using a 6-plex microsphere immunoassay; however, the confirmatory analysis by LC-MS/MS often reported lower values. Finally, low incidence (32%) but high concentration values in positive samples were found in SS Brazilian beer, with levels ranging from 127 µg/L to 501 µg/L, and a mean of 221 µg/L [22] .
STC was found in 27.7% (23 samples) of samples, showing a similar prevalence in SS and LS beers. The contamination was at low levels; the average value in all samples was 0.001 ± 0.003 µg/L. STC level exceeded 0.010 µg/L (0.018 µg/L) in only one sample (regular SS beer) and the 95th percentage value was 0.008 µg/L; STC contamination was in the range 0.005-0.010 µg/L in 14.4% (n = 12; 7 SS and 5 LS beers) of samples ( Figure 3) . For wheat beer, STC was detected in 2 SS beers at levels close to 0.005 µg/L.
German retail market at level ranging from 2.2 to 20 µg/L and showed a median of 3.7 µg/L [21] . As regards craft beer, Peters et al. [16] reported a higher average contamination in SS beer (63 µg/L) compared to LS beers (39 µg/L) using a 6-plex microsphere immunoassay; however, the confirmatory analysis by LC-MS/MS often reported lower values. Finally, low incidence (32%) but high concentration values in positive samples were found in SS Brazilian beer, with levels ranging from 127 µg/L to 501 µg/L, and a mean of 221 µg/L [22] .
STC was found in 27.7% (23 samples) of samples, showing a similar prevalence in SS and LS beers. The contamination was at low levels; the average value in all samples was 0.001 ± 0.003 µg/L. STC level exceeded 0.010 µg/L (0.018 µg/L) in only one sample (regular SS beer) and the 95th percentage value was 0.008 µg/L; STC contamination was in the range 0.005-0.010 µg/L in 14.4% (n = 12; 7 SS and 5 LS beers) of samples ( Figure 3) . For wheat beer, STC was detected in 2 SS beers at levels close to 0.005 µg/L. Few results on STC contamination of beer have been reported in the scientific literature; its occurrence in beer has been detected by Versilovskis et al. [23] in 2 of 26 Latvian beers (4-8 µg/L, one light, one dark beer); in a recent survey on STC in cereals and derived products, STC was never found in 53 LS European beer samples [24] .
Mycotoxin Co-Occurrence
OTA, DON, and STC were never detected together, while a contamination with two mycotoxins was observed in 19.3% (16 samples; 11 LS beers) of samples. Co-occurrence of OTA and DON was found in only two (2.4%) samples; STC occurred with OTA and DON in 8 and 6 samples, respectively. Mycotoxin contamination can occur at different times, during cereal growth in field, post-harvest or during malting. As regards OTA, P. verrucosum is a common contaminant of stored cereals [1] , then, OTA occurrence in beer samples generally indicates contamination during storage Few results on STC contamination of beer have been reported in the scientific literature; its occurrence in beer has been detected by Versilovskis et al. [23] in 2 of 26 Latvian beers (4-8 µg/L, one light, one dark beer); in a recent survey on STC in cereals and derived products, STC was never found in 53 LS European beer samples [24] .
OTA, DON, and STC were never detected together, while a contamination with two mycotoxins was observed in 19.3% (16 samples; 11 LS beers) of samples. Co-occurrence of OTA and DON was found in only two (2.4%) samples; STC occurred with OTA and DON in 8 and 6 samples, respectively. Mycotoxin contamination can occur at different times, during cereal growth in field, post-harvest or during malting. As regards OTA, P. verrucosum is a common contaminant of stored cereals [1] , then, OTA occurrence in beer samples generally indicates contamination during storage and/or malting processing. On the other hand, DON and STC can be mainly produced during growth in field, while their production in stored grain is limited [24] [25] [26] .
Estimation of Mycotoxin Dietary Intakes by Beer Consumption
Considering the average values of OTA, DON, and STC for SS and LS beers obtained from this survey, the mean Italian beer consumption (31.5 L/year per capita, equivalent to 0.086 L/day) and a body weight of 60 kg, it was possible to calculate the daily average exposure (Table 2) . The European Food Safety Authority (EFSA) indicated a tolerable weekly intake (TWI) for OTA of 120 ng/kg bw , (equivalent to a TDI of 0.017 µg/kg bw ), while the Scientific Committee for Food (SCF) indicated a TDI of 1 µg/kg bw for DON; no health-based guidance value has been established for STC. The calculated mycotoxin intakes shown in Table 2 are reassuring; even if these data were obtained from a limited survey carried out in a short sampling period, the daily average exposure for an Italian moderate consumer of both small-and large-scale brewed beer, seems to be very low, in agreement with previous studies [11, 27, 28] . Considering the maximum values found in this survey, the daily intake is not negligible for DON.
Conclusions
Several surveys have been carried out on mycotoxin occurrence in beer; in the last years, the results often reported low contamination levels for LS brewed beers, showing that raw materials and brewing processes are careful controlled. This survey confirmed this trend and reported low contamination levels both for industrial and craft beer. No significant difference was observed between SS and LS beers, even if the collected samples do not represent all categories of both large-and small-scale brewed beer. The contamination does not seem particularly worrying, and the levels found should not represent a serious risk for consumers' health.
